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@ Cylindrical magnetron sputtering cathode, as well as sputtering apparatus provided with such cathode.

@ The cylindrical magnetron sputtering cathode (10) of the
present invention essentially comprises a tubular target (20)
having a face (20a) of material to be sputtered, and a magnet
assembly (45) disposed behind the back face of said tubular
target for generating magnetic fields having flux lines which
form arch portions (50,51) over the sputtering face. This
magnet assembly {45) more specifically consists of a plural-
ity of equianguiarly spaced axially extending radially magne-
tized magnets arranged in such a manner as to form over the
sputtering face {(20a) a plurality of equiangularly spaced
axially extending straight arch portions (50) connected to
each other by arcuate arch end-portions {51), whereby
defining at least one closed-loop arch (52) over said sputter-
ing face. This magnetron sputtering cathode further compris-
es closure means for delimitating in combination with the
back face of said tubular target a cylindrical tight chamber
enciosing the magnet assembly, as well as means for axially
circulating a liquid coolant within said tight chamber,
whereby ensuring a proper cooling of said cathode by
enabling said liquid cooiant to freely flow along the longitu-
dinal spaces (49) delimitated between adjacent magnets of
said assembly.
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CYLINDRICAL MAGNETRON SPUTTERING CATHODE, AS WELL AS
SPUTTERING APPARATUS PROVIDED WITH SUCH CAT*'ODE

Field of the invention .

The present invention relates to a cylindrical: magnetron sputter-
ing cathode, as well as to a sputtering apparatus for coating subs-
trates which is provided with such cathode.

Background of the invention

‘The recent development of magnetically-~enhanced cathodic sput-
tering is presently providing a major contribution to the coating
field, taking into account the much higher deposition rates thus ob-
tainable with respect to those obtained with oconventional sputter-—
ing, which render therefore possible the production of coatings on
an industrial scale for many applications.

The production of ooatings by magnetlcally-—enhanced cathodic
sputtering is generally carried out, in function of the different

" envisaged coating applications, with sputtering systems assuming one

of the two following main types of geametrical configurations, i.e.
sputtering systems with planar configurations or sputtering systems
with cylindrical configurations. From these two types of systems,
only the second type with cylindrical configurations will be further
considered in the present specification. | . A

The first magnetically-enhanced sputtering systems to have been
proposed with cylindrical configurations were systems of the Penning-
type, designed for ensuring the application, inside the amular in-
terspace extending between a central cylindrical sputtering target
and the substrates to be coated disposed ooncentrically around said
central target, of an axial uniform magnetic field generated from
the outside (thanks to the providing of a Helmholtz-type o0il dis~
posed concentrically outside the wvacuum bell jar). The sputtering
rates obtainable with these systems of Penning-type are indeed in-
creased with respect to those obtained with conventional sputtering
systems, but mot in a decisive manner, taking into account the wmi-
formity of the thus applied axial magnetic field which causes a sim-
ple intensification, but without confinement, of the discharge plas-
ma. Such systems of the Penning-type are furthermore limited to the
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coating of substrates made of non-magnetic materials (so as not to
shield the magnetic field generated from the outside).

The magnetlcally-enhanced sputterlng systems to be now general—
ly proposed with cyllndrlcal conflguratlons are the so-called “oy-
lindrical magnetron sp,lttermg systems such as proposed by U, Heisig
et al. (cf. Paper "High Rate Sputtering with a Toiﬁs Plasmaton" from
U. Heisig, K. Goedicke and .S. Schiller - presented on 7th Int. Conf.
on Electron and Ion Beam Science and Technology, Wasghmgton D.C.,
USA, May 1976) or by N. Kurlyama (cf German patent ‘application
No. 2.655.942 in the name of K. K Tokuda Selsakusho) These "cylin-
drical magnetron sputtering" systems are designed for ensuring the

‘application, over the sputtering face of a tubular' target, of magne-
tic fields shaped in sSuch a mammer so to have their flux lines form-

ing a plurality of equiaxially spaced 7closed—loop toroidal arches -

- circumferentially extending over said 'sptlttering: ' face, thanks to the

providing of a specific magnetron constituted by a plurality of axial-
ly spaced ring magnets circumferentially extending against the back
face of said target. The providing of such a magnetron for genera-
ting ‘axially spaced niaghetic toroidal arches over the sputteiing fa-
ce of the tubular target offers the major advantage, by causing the

formation of a plurality of 1ntense ring plasmas confined within these

toroidal arches, of giving rise to very high sputtering rates of the ,
tubular target. The. partlcular design of such a magnetron is however
not without raising some problems as regards the proper target cool-
ing, as well as the uniformity of the target sputtering and/or the -
substrate coating, especially when it becomes necessary of using tar-
gets of relatively great length (in view for ,inrs'tance of enabling
the ooating of long substrates). The. proper ooolmg of the tubular
target, which is rendered absolutely necessary bécauSe of its exces-
sive heating due to intense sputtering ; @ a matter of fact cannot
be ensured with total security in such a magne_tron,r rtaking into ac-
count the particular arrangement of the axially spaced ring. magnets

- with respect to the tubular ‘target, which put a Severe restraint on

35

the axial circulation of the liquid coolant along the back face of
the tubular target (notwithstanding the fact that with such magne-
tron the liquid coolant generally cannot contact the: annular regions

of the back face of the target at the level of which the ring plas-
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mas are confined, i.e. the annular regions at the level of which the
sputtering, and thus, the heating up is the more intense). The ob-
tenﬁion, with such a magnetron, of a perfectly uniform target sput-
tering and/or substrate ooating appears besides very unreliable (in
spite of the to-and-fro axial moving of the magnetron with respect
to the tubular target recommended in such a case for improving the
wniformity), - taking into account the very unstable nature of the se~
parate ring plasmas likely to be sustained by suwch a magnetron. It
is as a matter of fact known that the current-voltage characteris-
tic of magnetrons flattens for high currents, which in other terms
means that the plasma impedance decreases with increasing current.
The design of a magnetron intended to sustain a plurality of sepa-
rate confined plasmas therefore constitutes a design very sensiti-
ve to the occurence of any dissymetry (whether énncerning the geo-
metrical parameters of the different magnets constitutive of the ma-
gnetron, or the strength of the magnetic field generated by these
different magnets, or any other type of dissymetry, such as for ins—
tance that able to occur during the to-and-fro axial moving of the
magnetron with respect to the tubular target), taking into account
that such separate plasmas behave as electrical circuit elements put
in parallel. The occurence of any dissymetry would as a matter of
fact result in a current desequilibrium between the separate plas-
mas behaving as ‘electrical elements pat in parallel, which desequi-
librium could only: worsen with time because of the plasma impedan-
ce decrease with increasing current, whereby likely to definitive-
ly erndanger the wmiformity of target sputtering and/or substrate coat-
ing (the to—and-fro axial moving of the magnetron with respect to
the tubular- target being totally unable to restore such uniformity
along the whole length of this target).

In the German Patent gpplication No. 2.707.144 .(in the name of
Sloan Technology Corp.) is furthermore described (cf. Figs. 18 and
19 of that application) a cylindrical magnetron sputtering system
which is -designed for generating over the sputtering face of a tu-
bular target a simple closed-path magnetic tumnel, which axially ex-
tends along the full length of the tubular target while circumferen-
tially extending only along a small region of this tubular target
{such single closed-path magnetic tunnel being generated thanks to
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the providing, behind-the back face of the tubular target, of a ma-
gnet arrangement having an extension similar to that of the magne-
tic tunnel to be generated). Such a magnetron sputtering system how-
ever requires the oomplete rotation of the magnet arrangement: by at
least one turn, so as to ensure the uniform sputtering of the who-
le target (not taking into account the lower sputtering rates like-
ly to be obtained because.of this required complete rotation). No
precision is besides given concerning the target cooling.

Outline of the invention.

The present invention has precisely the object of remedying the
aforementioned drawbacks, in proposing a cylindrical magnetron sput-—
tering system capable of ensuring a high-rate sputtering of tubular
targets of relatively great length together with a proper cooling
of said targets, while also possibly enabling a good wniformity of
target sputtering and/or substrate coating.

For this purpose, the present invention relates to a cylindri-
cal magnetron sputtering cathode comprising:

- a tubular target having a face of material to be sputtered,

- a magnet assembly disposed behind the back face of said tubular
target opposed to said sputtering face for generating magnetic fields
having flux lines which project in a curve from said sputtering fa-
ce and return thereto to form arch portions thereover, .said magnet
assembly consisting of a plurality of equiangularly spaced axially

extending radially magnetized magnets arranged in such a manner that
their flux lines form over said sputtering face a plurality of equi-
angularly spaced axially extending straight arch portions " connect-
ed to each 'oi:her by arcuate arch end-portions, whereby defining at
least one closed-loop arch over said sputtering face,

- closure means for delimitating in combination with the back face
of said tubular target a cylindrical tight chamber enclosing at least
partially said magnet assembly, and, :

- means for axially circulating a liquid coolant within said tight
chamber, whereby said liquid coolant can freely flow fram one to the
other end of said chamber, along the longitudinal spaces delimita-
ted between adjacent magnets of said plurality of equiangularly spa-
ced axially extending magnets.
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The present invention also relates to a sputtering apparatus
provided with such cathode.

It may thus be seen that one of the essential features of the
present invention lies in the providing, against the back of a tu-
bular target, of a specific magnetron consisting of a plurality of
equiangularly spaced axially extending radially magnetized magnets,
which is designed for generating, over the sputtering face of said
target, magnetic fields shaped in such a manner as to form a plura-
lity of equiangularly spaced axially extending étraight arch portions
comnected to each other by arcuate arch end-portions, so as to de-
fine at least one closed-loop arch over said sputtering face. Such
a design offers the major advantage of ensuring an excellent target
cooling whatever the target length, since the liquid coolant can in
such a case be freely circulated along the longitudinal spaces de-
limitated between adjacent magnets of said plurality, i.e. against
the longitudinal regions of the tubular target where the sputtering,
and thus the heating up, is the more intense.

In order to enable the obtention of a good uniformity as regards
target sputtering as well as substrate ocoating, the cylindrical magne—
tron sputtering system of the present invention may furthermore be
advantageously provided with means for axially rotating the magne-
tron and the tubular target relatively to each other (so as to cause
a substantially wniform sputtering of said target, in view of impro-
ving target life) as well as for axially rotating the magnetron and
the substrate relatively to each other (so as tO cause a substantial-
ly uniform coating of said substrate). Such a relative motion of the
magnetron with respect to the tubular target and to the substrate
may be carried out, as regards the rotation proper, either accord-
ing to a to-and-fro rotatory movement of an amplitude sufficient for
causing said at least one closed-loop magnetic arch generated by said
magnetron to be scanned over the entire surface of the sputtering
face of said tubular target as well as in front of the entire sur-
face of the substrate to be coated, or in an alternative manner ac-
cording to an unidirectional rotatory movement likely to cause full
revolutions of the magnetron relatively to the tubular target and
the substrate. Such an oscillatory or unidirectional rotation of the
magnetron relatively to the tubular target and to the substrate may
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furthermore be carried out, as regards the relative motion, in va-
rious ways: rotational motion of the magnetron alone while the tu-
bular target and the substrate are kept motionless, or rotational
motion of both the target and the substrate (at identical or differ-
ent speeds, and/or in the same or reverse direction) while the ma-
gnetron alone is kept motionless, or still rotational motion of all
the three elements, etc.

The magnets oonstitutive of the magnetron of the present inven-
tion may, at both ends of said magnetron, be designed for generating
arcuate magnetic arch end-portions .which are connected in an alter-
nate manner to the straight arch-portions, so as to define a single
closed-lcop arch extending in a meandering mamner over the entire
circumference of the sputtering face of the tubular target (said sin-
gle closed-loop meandering arch being intended to cause the formation
of a single intense plasma confined therewithin). Such magnets may,
alternatively, be designed for generating arcuate arch end-portions
which are connected by pairs to the corresponding straight arch por-
tions, so as to define a plurality of closed~loop arches eguiangu—
larly spaced over the entire circumference of the sputtering face
of said tubular target (said plurality of closed-loop arches being
intended to -cause the formation of a plurality of corresponding plas-
mas confined therewithin). _

From the two above possible magnetron designs, the first magne-
tron design related to the formation of a single plasma (extending
in a meandering manner over the entire circumference of the sputter-
ing target) nevertheless appears to offer the major advantage, with
respect to the second design (as well as the designs of the prior
art) related to the formation of a plurality of separate plasmas,
of ensuring a much better wniformity of target sputtering and/or subs-
trate coating. This is due to the fact that the formation of a sin-
gle meandering plasma results in a plasma current which is proved
to be relatively uniform along its whole path (because of the trap-
ped electrons circulating along a single and same plasma), so that
no current desequilibrium likely to endanger the uniformity of tar-
get sputtering (and -therefore that of substrate ooating) can arise
through the occurrence of a possible dissymetry.

In order to emable the obtention of the two above designs, the
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magnetron of the present invention more specifically comprises a first
group of equiangularly spaced radially magnetized main magnets (in
even numbers and with alternate polarity) which axially extend along
almost the whole length of the cathode, so as to generate said equi-
angularly spaced axially extending straight magnetic arch-portions,
which first group of main magnets is completed by a second group of
end-magnets adequately arranged in the prolongation of both ends of
the main magnets of the first group, so as to generate said arcua-
te magnetic arch-portions oonnecting said straight arch portions.
It is precisely the arrangement of this second group of end-magnets
with respect to the first group of main magnets which is changed in
order to enable the obtention of the first magnetron design related
to the generation of a single closed-loop arch or the second magne-
tron design related to the generation of a plurality of closed-loop
arches (the arrangement of the first group of main magnets remain—
ing for its part unchanged in both cases). In both cases, the arran-
gement of this second group of end-magnets furthermore remains. such
that one-half of these end-magnets is disposed in the prolongation
of the oorresponding main magnets by being separated from them by
intermediate gaps (while having an opposite polarity), whereas the
other half of these end-magnets is disposed directly against the end
of the corresponding main magnets while having the same polarity (the
main and end-magnets of same polarity thus directly in contact with
each other being therefore advantageously able to be constituted by
a single and same magnet). '

The different magnets- constitutive of the magnetron of the pre-
sent invention are besides chosen so as to generate in the vicini-
ty of the sputtering face of the tubular target magnetic fields, the
strength of which is preferentially of the order of 300 to
800 @rsteds. ‘

The cylindrical magnetron sputtering cathode and apparatus of
the present invention may furthermore, in function of the different

envisaged ooating applications, be designed so as to assume one of

the two main following configurations:

- apparatﬁs with a central cylindrical sputtering cathode, design-
ed for coating substrates disposed concentrically outside the cen-
tral cathode (for instance single tubular substrate disposed coaxial-
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ly around said cathode so as to be internally coated, or plurality
of planar substrates disposed equiangularly around said cathode).

The central sputtering cathode will® in such a case consist of a tubu-

lar target having its outer face acting as the sputtering face, the
magnetron being therefore inserted inside said tubular target;

- apparatus with a hollow cylindrical sputtering cathode, design-
ed for coating substrates inserted axially inside said hollow cathode
(for instance rod-like or tubular substrate to be externally .coat-
ed). The hollow sputtering cathode will in such a case consist of
a tubular target having its inner face acting as the sputtering fa-
ce, the magnetron being therefore circumferentially arranged around

“the outer face of said tubular target.

In the cylindrical magnetron cathode and apparatus of the pre-
sent invention, the magnetron may furthermore be arranged directly
against the back face of the tubular sputtering target, or on the
other hand against a tubular intermediate support inserted between
said tubular target and said magnetron. In that last case, the tu-
bular target may be arranged in close contact against this interme--
diate support, or alternatively at short distance of the latter so
as to define a fight chamber of low thickness to be used for cool-
ing parposes. The providing of such a tight chamber for oooling par-
poses is better described in my copending application Ser. No.
cosee (Eiled the same day), which is hereby incorporated by
reference.

" In the apparatus of the present invention, the anode may final-
ly be constituted by the substrate proper (said substrate being there-
fore grounded while the magnetron cathode is negatively biased to
a high voltage), or on the contrary by an intermediate grid inter-
posed between the substrate and the magnetron cathode (said inter-
mediate grid being therefore grounded or positively biased, while
the substrate may be negatively or positively biased, or still left
"floating").

Brief description of the drawings

- The accompanying draWings are diagrammatic illustrations by way
of example of several embodiments of the cylindrical magnetron sput—
tering system according to the present invention.
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Fig. 1 is a diagrammatic sectional view of a first embodiment.

" Fig. 2 is a perspective view of an element constitutive of the

cathode of this first embodiment, drawn to a larger scale.

Fig. 3 is a cross-sectional view according to line III-III of
Fig. 2.

Fig. 4 is a perspective view similar to that of Fig. 2, show-
ing the outside of said cathode.

Fig. 5 is a perspective view similar to that of Fig. 2, show-
ing one variation of the cathode element illustrated on the Fig. 2.

Fig. 6 is a perspective view similar to that of Fig. 5, show-
ing the outside of said cathode (cathode rotated by 90°/Fig. 5).

Fig. 7 is a diegram explicative of the functionning of the above
embodiment and variation. .

Fig. 8 is a diagrammatic sectional view similar to that of
Fig. 1, illustrating a second embodiment.

Fig. 9 is a cross-sectional view according to line IX-IX of
Fig. 8 .

Fig. 10 is a view, developped in the plane, of a particular ele-
ment of Figs. 8 and 9.

Fig. 11 is a view similar to that of Fig. 10, illustrating one
variation of said element. '

Specific description .

The figures 1 to 4 relate to a first embodiment of the appara-
tus of the present invention, according to which there is made use
of a cylindrical magnetron sputtering cathode extending centrally
inside said apparatus, so as to enable the coating of substrates dis—
posed concentrically around said cylindrical cathode.

This first embodiment of Figs. 1 to 4 comprises (Fig. 1) a bell
jar 1 resting on a basé plate 2, so as to form a sealed enclosure 3.
The base plate 2 is provided with an evacuation port 4 connected (via
a valve 5) to a suitable pumping device (not shown), and with an ad-
mission port 6 connected by a gauged valve 7 to a source of an appro-
priate gas such as argon (not shown). The bell jar 1 is further pro-
vided with a pressure gauge 8. '

Through a central circular opening 9 provided in the top of the
bell jar 1 is introduced a cylindrical magnetron sputtering catho-
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de 10, which extends centrally inside the sealed enclosure 3. This
cylindrical cathode 10 comprises at its upper end a discoidal metal

~ block 11, which rests by means of an external flange lla on the bor-
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20

30

35

der of the opening 9, via an insulating ring 12. The discoidal me-
tal hlock 11 is in turn provided with a central circular opening 14,
through which is introduced a tubular sheath 15 with a flat bottom
16 and an open top 17, which rests by means of a top external flan—
ge l7a against the upper plane face of the block 11 (tightness bet-
ween the flange 17a and the block 11 ensured by a O-ring 18). The
tubular sheath 15, which is made of a high thermally-conducting me—
terial sich as copper, is further provided at both lateral -ends with
respective external annular - shoulders 19a and 19b of low thickness,
dimensionned for closely fitting the internal diameter of the cen-
tral opening 14 of the block 1l.

Around the tubular sheath 15 is in turn oocaxially mounted an
open—ended tubular target 20 made of a material to be sputtered, in-
ternally dimensionned for closely fitting the respective end-shoul-
ders 19a and 19 of the tubular sheath 15. The upper end of the tu-~
bular target 20 protrudes inside an annular recess 11b provided in
the lower part of the block 11 for enlarging the corresponding low-
er part of the opening 14, so that this upper end of target 20 is
firmly inserted between the lateral wall of the recess 1llb and the
shoulder 19a of the tubular sheath 15 (tightness between the target
20 and the block 11 ensuréc_i- by a O-ring 21 disposed in an annular
groove provided in the lateral wall of recess 11lb). The lower end
of the tubular target 20, which rests by its internal wall against
the endshoulder 19b of sheath 15, is in turn closely surrounded by
the lateral .wall 22a of a cdp—shaped closing element 22, the bottom
22b- of which is maintained in close contact against the bottom 16
of the sheath 15 by means of a nut 23 cooperating with a screw 24
integral with the bottom 16 (screw 24 protruding below the bottom
22b through a central hole provided in said bottom 22b). In the annu-
lar spaée between the shoulder 19b of the sheath 15 and the lateral
wall 22a of the closing element 22 is besides mounted an annular
spring 27, compressed between the bottom 22b of closing element 22
and the lower end of the target 20 so as to keep the upper end of
said target 20 tightly inserted inside the recess 11b of the block
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11, whatever the thermal dilatation likely to be incurred by said
target 20 (the tightness between the lower end of target 20 and the
lateral wall 22a of closing element 22 being ensured by a O-ring 28
disposed in an annular grbove provided in the lateral wall 22a, whi-
le the tightness between the respective bottoms 16 and 22b is ensu—
red by a O-ring 29 disposed in an annular groove provided in the up-
per face of bottom 22b).

The thus coaxially mounted tubular sheath 15 and tubular tar-
get 20 therefore delimitate an annular tight chamber 30 of low thick-—
ness therebetween, which axially extends from the top metal block
11 to the bottom closing element 22 of the sputtering cathode 10 (the
tightness of said chamber 30 being ensured by the respective O-rings
18, 21, 28 and 29). The tubular sheath 15 and tubular target 20 are
dimensionned with respect to each other (adequate choice of the in-
ternal diameter of the target 20 with respect to the external dia-
meter of sheath 15 and the thickness of the shoulders 19) so as to
delimitate an annular chamber 30 presenting an internal thickness
preferably oozf@rised between 0.1 and 0.3 mm (thickness strongly exa—
ggerated with respect to the other dimensions on the drawing, for
purposes of better understanding).

This annular tight chamber 30 is besides connected to the out-
side of the sealed enclosure 3 thanks to the providing, in the up-
er end-shoulder 19a of the sheath 15, of a plurality of equiangular-
ly spaced axially extending chamnels 31 (two of them being shown in
dotted lines on Fig. 1) emerging in an annular groove 32, which annu-
lar groove 32 in turn freely camunicates with the outside by means
of a conduit 33 adequately pierced through the block 11. The outsi-~
de emerging .end of the conduit 33 is in turn connected to the first
branch of a four-branch junction 34, the second branch of which is
connected via a valve 35 to a suitable pumping device (not shown),
the third branch of which is oonnected via a gauged valve 36 to a
source 37 of a high thermally-conducting gas (such as helium), and
the fourth branch of which is connected to a pressure gauge 38.

The open top 17 of the tubular sheath 15 is closed by a plane
cover 40 resting on the upper plane face of the flange 17a (the tight-
ness between the cover 40 and the flange 17a being ensured by a O-ring

41 disposed in an annular groove provided in the upper face of said
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flange 17a). Through a central circular opening 40a provided in the
cover 40 is inserted a cylindrical stud 43 (the tightness between
the cover 40 and the stud 43 being -ensured by an adequate O-ring 42),
to the lower end of which is connected a soft iron rod 44 with a
square cross—-section , which centrally extends inside the tubular
sheath 15 substantially along the whole length of the annular cham-
ber 30. N , : '
Around this soft iron central rod 44 is mounted a magnet assem—
bly 45, designed for generating magnetic fields having flux lines
which project in a curve from the outer sputtering face 20a of the
tubular target 20 and return thereto to form arch portions thereover
(flux lines successively traversing the tubular sheath 15 and the
tubular target 20 made of nom-magnetic materials), This magnet assem-
bly 45, which is better shown on the perspective view of Fig. 2 (ma—
gnet assembly 45 shown in Fig. 1 in a sectional view according to '
lines I-I of Fig. 2), consists of a plurality of equiangularly spa-
ced axially extending radially magnetized magnets 46; to 46; and 47y
to 47,, which are arranged against’ the four longitudinal faces of
the central rod 44 in the following manner:
- parallelepipedic magnets 46l and 464, coupled by their south
pole faces against the respective opposite faces 44; and 443 of the
central rod 44 so as to have their north pole faces pointing in the
vicinity of the inner wall of the tubular sheath 15, said paralle-
lepipédic magnets 461 and 464 extending along the centrél' rod 44 from
its upper end portion to an intermediate portion situated immedia-
tely upward its lower end portion,
-  parallelepipedic magnets 46, and 464, coupled by their north
pole faces against the respective opposite faces 442 and 44, of the
central rod 44 so as to have their south pole faces pointing in the
vicinity of the inner wall of the tubular sheath 15, said paralle-
lipedic magnets 46, and 46, extending along the central rod 44 fram
its lower end portion to an intermediate portion situated immedia-
tely below its upper end portion,
- cubic end-magnets 47; and 47, coupled against the lower end
portion of the respective opposing faces 44; and 443 of the central
rod 44 so as to extend in the prolongation of the corresponding pa—
rallelepipedic magnets 46, and 463 while being _separated from the
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- latter by gaps 48, said cubic end-magnets 47, and 475 being coupled

by their north pole faces against the lower end portions of said oppo-
sing faces 44y and 445 so as to have their south pole faces point-
ing in the vicinity of the inner wall of the tubular sheath 15, and,

- cubic end-magnets 47, and 47,, coupled against the upper end
portion of the respective opposing faces 442 and 44, of the central
rod 44 so as to extend in the prolongation of the corresponding pa-

- rallelepipedic magnets 46, and 46, while being separated fram the

latter by gaps 48, said cubic end-magnets 47, and 47, being coupled
by their south pole faces against the upper end portions of said oppo-
sing faces 44, and 44, so as to have their north pole faces point-
ing in the vicinity of the inner wall of the tubular sheath 15.

The above-described plurality of magnets 46, to 46, and 477 to
47, constitutive of the magnet assembly 45 inserted inside the tu-
bular sheath 15 is therefore arranged in such a manner as to gene-
rate flux lines which form over the outer sputtering face 20a of the
tubular target 20 (Figs. 3 and 4) four equiangularly spaced axial-
ly extending straight arch portions 50 alternately connected to one
another by four arcuate arch end-portions 51, whereby defining a sin-
gle closed-loop arch 52 extending in a meandering manner over the
entire circumference of the sputtering face 20a of said tubular tar-
get 20. '

The upper end of the cylindrical stud 43 protruding outside the
cover 40 is besides connected (Fig. 1) to the shaft of a motor 55,
designed for slowly rotating the magnet assembly 45 according to a
to-and-fro rotatory movement, of an amplitude sufficient (about + 45°)
for enabling the single closed-loop arch 52 generated by said magnet
assembly 45 to be periodically scanned over the entire surface of
the sputtering face 20a. ,

The closed tubular sheath 15 containing the magnet assembly 45
is furthermore provided with a circuit for circulating a liquid cool-
ant such as oold water therewithin. This circuit ocomprises at least
one admission conduit 56 extending fram the outside of the cover 40
to near the bottom 16 of the sheath 15 (while traversing the magnet
assembly 45 by extending along the corner of one of the longitudi-
nal spaces 49 delimitated between the equiangularly spaced magnets
46 and 47), so as to bring the liquid coolant down to the bottom 16
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of said sheath 15 (outside protruding end of the conduit 56 connect-
ed to a suitable liguid ooolant source not shown on the drawing).
The liquid coolant thus brought down to the bottom 16 can then free-
ly flow upwards, by circulating along the free longitudinal spaces
49 delimitated between the equiangularly spaced different magnets
46 and 47, before being evacuated through an evacuating port 57 pro-
vided in the cover 40.

Inside the sealed enclosure 3 is finally disposed a tubular me—
tal substrate 59 to be internally coated, arranged coaxially around
the tubular target 20 of the central cylindrical cathode 10. The tu-
bular metal substrate 59 is connected to ground (as well as the me--
tal enclosure 3), while the central cathode 10 is connected via a
switch 60 and an amperemeter 61 to the negative pole of a high-vol-
tage source 62 whose other pole is also grounded.

The above apparatus finally comprises a control circuit 64, res-
pectively comnected by its input to the pressure gauge 38 and by its
output to the switch 60. This control circuit 64 is designed for trig-
gering the opening of the switch 60, as soon as the pressure ‘record-
ed by the gauge 38 undergoes a sudden decrease with respect to a pre~
determined value.

The above-described sputtermg apparatus operates in the fol-
lowing manner:

The cylindrical cathode 10 being provided with a new unconsumed
target 20, the sealed enclosure 3 is evacuated and an argon atmos-
phere of the order 107 ¢ 1072 torr is introduced therein. Concur-
rently, the annular chamber 30 of the cathode 10 is also evacuated
(by pumping means oonnected to the valve 35) and an helium atmosphe--
re of the order of 10 torr is introduced therein (by means of the
gauged valve 36 comnected to the helium source 37).

The liquid coolant being then circulated inside the tubular
sheath 15 of the cathode 10, the switch 60 is closed, whereby cau-
sing the application of a negative high voltage to said cathode 10.

The negative biasing of the cathode 10 then produces in a known
manner a glow discharge in the neighborhood thereof, which causes
ionization of the argon atoms. The argon ions thus formed then bom-
bard the sputtering face 20a of the tut?ular target 20, whereby cau-
sing the ejection (or sputtering) of atoms from said sputtering fa—
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ce 20a, which sputtered atoms are then deposited by condensation on

the internal face of the tubular substrate 59.
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The presence of the magnet assembly 45 inside the cylindrical
cathode 10 has for effect of confining the discharge plasma (ioni-
zation region) within the closed-loop endless arch 52 formed over
the sputtering face 20a by the flux lines of said magnet assembly
45, while ooncurrently producing a very high intensification of this
discharge plasma. The formation of such an intense and confined dis-
charge plasma may be explained in a known manner by the fact that
the closed loop endless arch 52 generated by the magnet assembly 45
acts, with respect to the secondary electrons emitted by the target
20, as a trapping means which compels these secondary electrons to
circulate along an extended oontinuous path around the sputtering
surface 20a instead of directly migrating towards the anode, where-
by drastically increasing the probability of ionizing collisions with
argon atams. The production of such an intense and confined dischar—
ge plasrha therefore results in an intense ion bombarding of the sput-
tering face 20a of the target 20 (large ion current bombarding of
the cathode), whereby causing an intense sputtering of said target
20, and thus the coating with a high deposition rate of the inter-
nal face of the tubular substrate 59. . ,

The intense ion bombardment to which the target 20 is thus submit-
ted however causes a high power dissipation at the target, whereby
requiring a sufficient target oooling throughout the sputtering in
view of preventing any damaging risk (possible deterioration of the
target 20, and/or too high radiative heating of the substrate 59,
and/or possible demagnetization of the magnet assembly 45). Such a
sufficient target oooling throughout the sputtering is precisely en—
sured by the double cooling system provided in the present appara-
tus, i.e. the closed tubular sheath 15 containing the magnet assem-
bly 45, which is provided with a liquid coolant circuit, and the annu-
lar chamber 30 of low thickness ooaxially extending between this tu-
bular sheath 15 and the back of the target 20, which is provided with
an atmosphere of a high thermally conducting gas such as helium. The
interposition of a stagnant helium layer of low thickness between
the target 20 and the sheath 15 as a matter of fact authorizes, in
spite of the high power dissipation at the target, a permanent heat
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transfer fram the target 20 to the sheath 15 (through said helium
layer) which is proved to be sufficiently high for keeping the tem-
perature of said target 20 down to.maximum permissible values of the
order of 500°C, provided that the temperature of said sheath 15 is
for its part kept about the ambient value. The maintaining: of the
sheath 15 about the ambient value is precisely ensured by the liquid
coolant circulated inside the sheath 15 , which continuously evacua--
tes towards the outside ‘the heat ocontinuously transferred through
the helium gas layer of low thickness. The evacuation of such heat
towards the outside is precisely all the better as the liquid cool-
ant can freely circulate along the longitudinal spaces 49 delimita-
ted between the equiangularly spaced different magnets 46 and 47,'
i.e. along longitudinal spaces 49 which precisely extend in £front
of the regions of the target 20 where the sputtering (and thus the
power dissipation) is the more intense. '

As the sputtering proceeds, the target 20 undergoes a progres-
sive erosion, which would in principle remain localised in the on-
ly regions- of the target covered by the closed-loop oconfined dischar—-
ge plasma- (i.e. in the regions covered by the closed-loop arch 52 .
formed by the flux lines of the magnet assembly 45.) The providing
of the motor 55 for slowly rotating the magnet assembly 45 accord-
ing to an oscillatory rotatory movement with respect tc the target
20 has however precisely for object of ensuring a uniform erosion
of said target 20 (whereby resulting in an improved target life),
by periodically scanning the closed-loop arch 52 (and thus the in-
tense discharge plasma confined inside said arch 52) over the enti-
re surface of the sputtering face 20a. The uniformity of the target
erosion is furthermore all the better as there is produced a single
closed-loop plasma meandering over the entire circumference of the
sputtering face, whereby resulting in a practically uniform plasma
current along its whole path. The above providing of the motor 55
for slowly rotating the magnet assembly 45 in turn results in a si-
milar oscillatory rotational movement of said magnet assembly 45 with
respect to the substrate 59, whereby giving rise to an excellent uni-
formity as regards the internal coating of the substrate 59.

When the substrate 59 is provided with a uniform ooating of de—
sired thickness, the sputtering operation is temporarily stopped so
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as to enable the replacement of said coated substrate by a new un-—

" coated one, and the sputtering operation can then be immediately re-

started. Throughout the successive. coating of different substrates,
the sputtering target 20 continues to be progressively eroded, where—
by giving rise to its piercing at certain unforeseeable moment of
the sputtering operation. Such a piercing is however proved to be
totally harmful for the sputtering apparatus and/or the substrates

‘being oocated, since it results in a simple irruption of helium in-

side the sealed enclosure 3, which is at once detected by the pres—
sure gauge 38 (gauge 38 detecting a sudden decrease of helium pres-
sure inside the annular. chamber 30) for immediately controlling, by
means of the oontrolling circuit 64, the automatic cut-off of the
switch 60 of the sputtering apparatus. The pierced target 20, the
consumption (and thus the lifetime) of which has been therefore op-
timalized, can then be immediately removed fraom the sealed enclosu-
re for being replaced by a new fresh one, and the sputtering opera-
tion can then be restarted for continuing the substrate coating.

In the above-described operatioh, the cooating of each substrate
59 may besides, if desired, be preceded by a cleaning step, which
cleaning step may be carried out in a known manner by negatively bia-
sing said substrate 59 while the cylindrical cathode 10 is ground-
ed (said biasing, which is the reverse of that applied during the
coating,r giving rise in a known mamner to the generation of a glow
discharge causing the pr0per sputtering of said substrate).

According to a variation of the above—described embodiment, the
motor 55 for moving the magnet assembly 45 may be designed for ro-
tating this assembly 45 according to an unidirectional rotatory mo-
vement instead of the to-and-fro rotatory movement previously des-—
cribed (the admission conduit 56 extending along one of the channels
49 of the magnet assembly 45 being in such a case advantageously re-
placed by a borehole, pierced through the stud 43 and the rod 44 so
as to axially extend from the upper end of said stud 43 to the low-
er end of said rod 44), so as to cause full revolutions bf the ma-
gnet assembly 45 with respect to the tubular target 20 and the subs-
trate 59, whereby resulting in an effect similar to that previous-

ly described as regards the good wniformity of target sputtering as
well as that of substrate coatlng.



10

20

30

35

0045822
_18_

According to another variation of the above-~described embodiment,
one may envisage to slightly modify the "mounting" design of the tu~
bular target 20 and of the substrate 59, so as to rotate both the
target 20 and the substrate 59 with respect to the magnet assembly
45, whereby resulting in effects similar to that previously described
as regards the uniformity of target sputtering and substrate coating.

Example

The sputtering apparatus of Figs. 1 to 4 is used for depositing
a stainless steel coating of about 10 um thick (for corrosion pro-
tection purposes) on the internal surface of soft iron tubes having
a length of the order of 400 mm as well as an internal diameter of
the order of 70 mm.

For such a deposition, the sputtering apparatus of Figs. 1 to
4 makes use of a cylindrical cathode 10 presenting the followmg struc—
tural parameters: ,

- tubular sheath 15 made of copper, presentlng an external dia—
meter of the order of 31.6 mm,

- tubular target 20 made of 18/8 stainless steel (stainless steel
304 according to US designation), presenting an internal diameter
of the order of 32 mm (tubular sheath 15 and tubular target 20 there-
fore delimitating therebetween an annular chamber 30 having a thick-
ness of the order of 0.2 nm), which-tubular target 20 furthermore
presents an initial thickness of the order of 1.5 mm, as well as an
overall length of .the order of 500 mm (tightness at both ends ensu-
red by O-rings 21 and 28 made of Viton),

- magnet assembly 45 designed so as to generate in the vicinity
of the sputtering face 20a of the target 20 magnetic fields having
a strength of the order of 300 to 800 @rsteds (depending on the act-
ual erosion .level of the target), said magnet assembly 45 being fur-
thermore arranged inside the target 20 so as to cause the erosion
of the latter along a length of about 450 mm.

A soft iron tube 59 to be coated having been arranged concen~
trically around the cylindrical cathode 10, the sealed enclosure 3
is evacuated to a pressure of about 1.1073 ghar (via the valve 5),
simultaneously with the chamber 20 (via the valve 35). The evacua-
ting operation once terminated, the valve 35 is closed, and an at-
mosphere of helium up to a pressure of the order of 10 mbar is in-
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troduced " inside the chamber 20 (via the gauged valve 36), while an
atmosphere of argon up to a pressure of the order of 2.1072 3. is

- simultaneously ' provided inside the main enclosure 3 (via the valve

7).

The soft iron tube 59 is then submitted to a short cleaning prior
to its coating, by biasing the iron tube 59 to a value of the order
of -500 to -1000 volts while the magnetron cathode 10 is grounded

(the glow discharge thus appearing between the tube and the magne-

tron cathode being maintained during about 5 min., so as to cause
a sputtering of the internal surface of said tube which is sufficient
for properly cleaning it). '

The above cleaning once terminated (by switching off the above
biasing), the pressure of argon inside the main enclosure 3 is de-
, in view of ope-
rating the coating proper of the tube 59. For that purpose, the tube
59 is grounded, while the magnetron cathode 10 is connected via the
switch 60 (as shown on the drawing) to the negative pole of a DC pow—
er supply 62 delivering up to 12 Amps at about 500 Volts (the pow-
er supply 62 being besides protected against arcing by a current 1li-
miter). The deposition rate onto the internal surface of the tube
is about 6 um per kWh consumed, while the corresponding target ero-
sion rate is about 12 um per KWh consumed. Using a power of 6kW, the
desired coating of about 10 um thick onto the internal surface of

"~ the tube is therefore deposited in about 17 min. Under the above con-

ditions, the maximum temperature reached by the target is of about
500°C in the sputtering zone, while not exceeding 200°C at both ends
(i.e. in the vicinity of the O-rings 21 and 28).

The Ficjs. '5 and 6 illustrate oner variation of the magnetron of
the first embodiment of Figs. 1 to 4 (the unchanged elements keep-

. ing the same figures of reference on the drawing), designed for ge-

nerating two closed-loop magnetic arches diametrically opposed over
the sputtering face of the tubular target, instead of a single clo-
sed-loop magnetic arch meandering over the entire circumference of
this sputtering face as previously (the intermediate tubular sheath
15 being furthermore suppressed in this variation, so as to enable
the liquid ooolant to be circulated directly along the back face of
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the tubular target 20). The magnetron 65 represented on these figu-
res 5 and 6 consists of a plurality of equiangularly spaced axial-
ly extending radially magnetized magnets 66 and 67, which are arran-
ged against the four longitudinal faces of the central rod 44 in the
following manner (Fig. 5):

- parallelepipedic magnets 66l and 663, coupled by their south
pole faces against the respective opposite faces 44, and 443 of the
central rod 44 so as to have their north pole faces pointing in the
vicinity of the inner wall of the tubular target 20, said péralle—
lepipedic magnets 661 and 663 extending along the central rod 44 fram
its upper to its lower end portion,

- parallelepipedic magnets 662 and 66,, coupled by their north
pole faces against the respective opposite faces 44, and 44, of the
central rod 44 so as to have their south pole faces pointing in the
vicinity of the immer wall of the tubular target 20, said paralle-
lepipedic magnets 662 and 66, extending along the central rod 44 from
a first intermediate portion situated immediately below its upper
end portion to a second intermediate portion situated immediately
above its lower end portion, and, :
- cubic end-magnets 67, and 67,, coupled against the end portions
(upper as well as lower portions) of the respective opposing faces
44) and 44, of the central rod 44 so as to extend in the prolonga-
tion of both ends of the corresponding magnets 66, and 664 while being
separated from the latter by gaps 48, said cubic end-magnets 672 and
67, being coupled by their south pole faces against the- correspond-
ing end portions of said opposing faces 4'42 and 44, so as to have
their north pole faces pointing in the vicinity of the imner wall
of the tubular target 20.

The above magnetron 65 directly arranged against the back face
of the tubular target 2 is thus designed in such a manner as to gene-
rate flux lines which form over the outer sputtering face 20a of this
target 20 four equiangularly spaced axially extending straight arch
portions 70 connected by pairs to corresponding arcuate arch end-por-
tions 71, whereby defining two diametrically opposed closed-locop
arches 72 completely separate from each other, each of which extends

_over one quarter of the sputtering face 20a.

In operation, the presence of the magnetron 65 has therefore
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the oonsequence of causing the formation, over the sputtering face
20a of the target 20, of two separate closed-loop plasmas confined
within the two closed-loop arches .72, whereby leading to an inten-
se sputtering of the target 20 (target sputtering likely to be unifor-
mized by axially rotating the magnetron 65 relatively to the target
20, either according to a to-and-fro moving of about + 45° amplititude
or according to a unidirectional. moving). Throughout. said sputter-
ing, the target oooling is properly ensured as previously, thanks
to the free circulation of the liquid coolant along the longitudi-
nal spaces 49 delimitated between adjacent magnets of the magnetron

-+ 65. The uniformity of target erosion cannot however be guaranteed

20
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in all safety as previously, taking into account the risk of desta-
bilization of the separate plasmas in case of the occurrence of a
possible dissymetry. _

~ The diagram of Fig. 7 enables to better understand the question
of plasma stability in the respective cases of a single meanderipg
plasma or a plurality of separate plasmas. This.diagram as a matter
of fact illustrates a typical voltage-current characteristic rela-
ted to magnetron sputtering apparatus (curve A in continuous line)
which is known for flattening at high currents (mainly for low gas
pressures for which the efficiency is the. best), which in other terms
means that the plasma impedance decreases with increasing current
(cf. curve B in dotted lines). The generation of a plurality of sepa-
rate plasmas behaving as electrical elements put in parallel there-
fore constitutes a design very unstable by nature, since any current
desequilibrium likely to arise between separate plasmas because of
the occurrence of an eventual dissymetry can only worsen with time

because of the plasma impedance decrease: with current increase. Such

30

35

a desequilibrium on the other hand cannot develop in the case of a
single meandering plasma (whatever the complexity of its path), sin-
ce the different branches of such a single meandering plasma, by be—
having as electrical elements put in series can only contribute to
produce a relatively uniform plasma current (trapped electrons mean-
dering along the whole path of said single plasma), whereby ensuring
an excellent stability of such a single meandering plasma.

The Figs. 8 to 10 relate to a second embodiment of the apparatus -
of the present invention, according to which there is made use of
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a hollow cylindrical magnetron sputtering cathode disposed ooncen~
trically around the axis of the apparatus, so as to enable the ex-
ternal coating of substrates centrally extending along said axis (the
elements of said embodiment of Figs. 8 to 10 which are unchanged with
respect to those of Figs. 1 to 4 remaining allocated with the  same
figures of reference on the drawing).

This embodiment of Figs. 8 to 10 comprises (Fig. 8) a hollow
cylindrical magnetron sputtering cathode 80 resting (via an insula-
ting ring 8l) on a baseplate 2, so as to form, in cooperation with
a plane cover 82 closing (via an insulating ring 83) the open top
of said hollow cylindrical cathode 80, a sealed enclosure 3 (said
enclosure 3 further comprising an evacuation port 4 and an admission
port 6 provided in the baseplate 2).

The hollow cylindrical cathode 80 more specifically comprises
two concentric tubular walls 84 and 85, commected at both ends by

end-walls 86 so as to delimitate in combination an annular tight cham-—

ber 87. Against the external face of the inner wall 85 is mounted
a tubular target 90 made of matérial to be sputtered. Inside the amu~
lar tight chamber 87 is besides rotatively mounted a tubular support
94 made of soft iron (dimens'ionned so as to closely extend against
the internal face of the outer wall 84), which rests against the bot-
tom of the chamber 87 by means of an annular ball-bearing 91.

Against the immer face of the tubular support 94 is mounted a
magnet assembly 95, which oonsists of a plurality of axially extend-
ing radially magnetized magnets 96y to 96g and 977 to 97g, equiangu-
larly spaced against the support 94 in the following mamner (Figs.
9 and 10): ‘ 7
- parallelepipedic magnets 961, 963 ’ 965 and 967, equiangularly
spaced by 90° fram one another around the tubular support 94, and
coupled by their south pole faces against said suppor't 94 so as to
have their north pole faces pointing in the vicinity of the inter-
nal face of the tubular wall 85, said parallelepipedic magnets ex-
tending along the support 94 from its upper end portion to an inter-
mediate portion situated immediately upward its lower end portion,

- . parallelepipedic magnets 96,, 964, 96 and 96g, equiangularly
spaced by 90° fram one another around the tubular support 94 (while
being equiangularly spaced by 45° from the ocorresponding magnets 964,
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964, '965Aand 964) , and ooupled by their north pole faces against said
support 94 so as to have their south pole faces pointing in .the vi-
cinity of the internal face of the tubular wall 85, said paralleli-
pedic magnets extending along the support 94 from its lower end
portion to an intermediate portion situated immediately below its
upper end portion, -

- cubic end-magnets 97,, 973, 975 and 977 coupled against lower
end portions of the tubular support 94, so as to extend in the pro-
longation of the oorresponding parallelepipedic magnets 96, 963,
96 and 96, while being separated from the latter by gaps 48, said
cubic end-magnets being coupled by their north pole faces against
the tubular -support 94 so as to have their south pole faces point-
ing in the vicinity of the internal face of the tubular wall 85, and,

-  cubic end-magnets 97,, 97,, 97, and 97; coupled against upper
end portions of the tubular support 94, so as to extend in the pro-
longation of the corresppnding parallelepipedic magnets 962, 96 A
965 and 96g, said cubic end-magnets being coupled by their south pole
faces against the support 94 so as to have their north pole faces
pointing in the vicinity of the internal face of the tubular wall
85. '

The above-described magnet assembly 95 mounted inside the tight

chamber 87 is therefore arranged in such a manner as to generate flux
lines which form over the immer sputtering face 90a of the tubular
target 90 eight equiangulai:ly spaced axially extending straight arch
portions 100 (schematized in dotted lines on the Fig. 10) alterna~-
tively connected to one another by eight arcuate arch end-portions
101, whereby defining a single closed-loop arch 102 extending in a
meandering mamner over the entire circumference of the sputtering
face 90a. :
The upper edge of the tubular support 94 is besides provided
with an annular toothed rack 103 cooperating with a pinion 104 ade-
quately connected to the shaft of an external motor 105, which mo-
tor 105 is designed for slowly rotating the magnet assembly 95 ac-
cording to a to-and-fro oscillatory movement, of an amplitude suf-
ficient (about + 25°) for enabling the single closed-loop arch 102
generated by said magnet assembly 95 to be periodically scanned o-
ver the entire surface of the sputtering face 90a.

A et
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The tight chamber 87 containing the magnet assembly 95 is fur—
thermore provided with a plurality of admission conduits 106 adequa-
tely extending through the insulating ring 81 and the baseplate 2
(while being electrically insulated from this baseplate 2) as well
as with a plurality of evacuation oonduits 107 adequately extending
through the insulating ring 83 and the cover 82 (while being elec-
trically insulated from this cover 82), so that a liquid ocoolant such
as cold water can be continuously introduced through the admission
conduits 106 for being freely circulated along the longitudinal spa-
ces 49, delimitated between adjacent magnets of the magnet assembly
95, before being evacuated through the evacuation conduits 107.

Inside the sealed enclosure 3 is finally disposed a cylindri-
cal substrate 109 to be externally coated, which centrally extends
along the axis of the enclosure 3. This substrate 109 is mounted by
its upper end against a discoidal member 110, which.closes (via an
insulating ring 111) a central opening 112 provided in the plane co- -
ver 82. In the interspace between the central cylindrical substrate .
109 and the tubular sputtering target 90 is furthermore disposed a
plurality of equiangularly spaced metal rods 113, which are oconnect-
ed by their upper ends against the internal face of the plane cover
82. The baseplate 2 and the cover 82 are comnected to ground, whi-
le the hollow cathode 9 is connected via a switch 60 to the negati-
ve pole of a high woltage source 62 whose other pole is also ground-
ed (the rods 113 electrically connected to the cover 82 being intend—
ed to play the role of anodes, while the substrate 109 electrical-
ly isolated fram this cover 82 may have a "floating" potential).

The operation of the above-described apparatus is in many res-
pects similar to that previously described: ,

The sealed enclosure 3 being provided with an atmosphere of argon
of the order of 1074 to 1072 torr, the liquid ocoolant is then cir-
culated inside the tight chamber 87, while a negative high voltage
is applied to the hollow cathode 90 (by closing the switch 60).
application of this negative high voltage leads to the formation of
a single closed-loop intense plasma confined within the single mean-
dering magnetic arch 102, whereby causing an intense sputtering of
the target 90, and therefore a high-rate ooating of the central subs-

 trate 109. Such a coating is proved to be carried out with an excel-
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lent uniformity, thanks to the periodical scanning of the single mean-
dering plasma over the entire surface of the sputtering target 90,
combined with an excellent stability of this single meandering plas-—
ma., The proper cooling of the target is besides ensured througl';out
said coating thariks to the free circulation of the liquid coolant
along the longitudinal spaces 49 delimitated between adjacent magnets
of the magnet assémbly 95 (which longitudinal spaces 49 extend in
front of the portions-of the target 90 where  the sputtering, and thus
the heating up, is the more ‘intense). _

According to one variation of the embodiment of Figs. 8 to 10
the motor 105 for moving the magnet assembly 95 may be designed for
rotating this assembly 95 according to a wnidirectional rotatory move-
ment instead of the to-and-fro rotatory movement previously descri-
bed, so as to cause full revolutions of this magnet assembly 95 with
respect to the tubular target 90 and the central substrate 109-, where~
by resulting in effects similar tp that previously described as re-
gards the good uniformity of target sputtering and substrate coat—
ing (which good uniformity of substrate coating may be still impro-
ved by further envisaging of equally rotating said central substrate
109).

The Fig. 11 finally illustrates one variation of the magnet assem—
bly used in the embodiment of Figs. 8 to 10, which is designed for
generating flux lines forming ‘ovef the sputtering face of the tubu-
lar target four closed~loop magnetic arches 122 equiangularly spa—
ced by 90° from one another, instead of a single closed-loop arch
102 as previously. ' '

Although the present invention has been specifically disclosed
with preferred embodiments and drawings, .variations of the concepts
herein disclosed may be resorted to by those skilled in the art and
such variations are considered to be within the scope of the invent-
ion and appended claims. ' ' .
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CLAIMS

1. A cylindrical magnetron sputtering cathode comprising:
- a tubular target having a face of material to be sputtered,
- a magnet assembly disposed behind the back face of said tubu-
lar target opposed to said sputtering face for generating magnetic
fields having flux lines which project in a curve from said sputter—
ing face and return thereto to form arch portions thereover, said
magnet assembly consisting of a plurality of equiangularly spaced
axially extending radially magnetized magnets arranged in such a man-
ner as their flux lines form over said sputtering face a plurality
of equiangularly spaced axially extending straight arch portions ocon—
nected to each other by arcuate arch end-portions, whereby defining
at least one closed-loop arch over said sputtering face,
- closure means for delimitating in combination with the back face
of said tubular target a cylindrical tight chamber enclosing at least
partially said magnet assembly, and, .
- means for axially circulating a liquid coolant within said tight
chamber, whereby said liquid coolant can freely flow fram one to the
other end of said chamber, along the longitudinal spaces delimita-
ted between adjacent magnets of said plurality of equiangularly spa-
ced axially extending magnets. ’

2. The cylindrical magnetron sputtering cathode of Claim 1, where—
in said plurality of magnets is arranged at both ends so as to form
arcuate arch end-portions oomnected in an alternate manner to said
straight arch portions, ' whereby defining a single closed-loop arch
extending in a meandering mammer over the entire circumference of
said sputtering target. '

3. The cylindrical magnetron sputtering cathode of Claim 1, where—
in said plurality of magnets is arranged at both ends so as to form
arcuate arch end-portions comnected by pairs. to corresponding straight
arch portions, whereby defining a plurality of closed-loop arches
equiangularly spaced over the entire circumference of said sputter—
ing target.

4. The cylindrical magnetron sputtering cathode of Claim 1, fur-
ther comprising means for axially rotating said magnet assembly and
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said tubular target relatively to each other, so as to cause a subs-
tantially uniform target sputtering. -

5. The cylindrical magnetron sputtering cathode of Claim 4, where-
in said rotating means are designed for moving said magnet assembly
and said tubular target relatively to each other according to a
to-and-fro rotatory movement of an amplitude .sufficient for causing
said at least one closed-loop arch generated by said magnet assem~
bly to be scanned over the entire surface of said sputtering face.

6. The cylindrical magnetron sputtering cathode of Claim 4, where-
in said rotating means are designed for moving said magnet assembly
and said tubular target relatively to each other according to a wni-
directicnal rotatory movement,

7. The cylindrical magnetron sputtering cathode of Claim 1, where-

in said sputtering face of said tubular target is constituted by its

outer face, said magnet assembly being therefore inserted inside said
tubular target.

8. The cylindrical magnetron sputtering cathode of Claim 1, where-

in said sputtering face of said tubular target:is constituted by its
inner face, said magnet assembly being therefore circumferentially
disposed around the outer face of said tubular target.

9. The cylindrical magnetron sputtering cathode of Claim 1, where-
in said plurality of magnets comprises a first group of equiangular-—
ly spaced axially extending main magnets, in even numbers and with
alternate polarity, for generating said equiangularly spaced axial-
ly extending straight arch portions, said first group being ocomple-
ted by a second group of end-magnets adequately arranged in the pro-
longation of both ends of the main magnets of said first group, for
generating said arcuate arch end-portions connecting said straight
arch portions. ' ,

10. The cylindrical magnetron sputtering cathode of Claim 1,
further comprising a tubular intermediate support inserted between
said tubular target and said magnet assembly, -said tubular interme-
diate support therefore forming part of the wall of said tight cham-
ber for enclosing said magnet assembly. :

11. The cylindrical ‘magnetron sputtering cathode of Claim 10,
wherein said tubular target is arranged in close contact against said
tubular intermediate support. '



10

20

25

30

35

0045822
- 28 ~

12. An apparatus for coating substrates by magnetically enhanced
cathodic sputtering, .which comprises an evacuable sealed enclosure;
means for evacuating said enclosure. and for providing therein a rare-
fied gas atmosphere at a pressure capable of sustaining a glow dis-
charge; one cylindrical magnetron sputtering cathode and one anode
distant from each other, disposed at least partially inside said en—
closure or forming part thereof; and means for 'establishing between
said sputtering cathode and said anode a potential difference suf-
ficient for generating a glow discharge therebetween, wherein said
cylindrical magnetron sputtering cathode comprises:

- a tubular target having a face of material to be sputtered, _
- a magnet assembly disposed behind the back face of said tubu—
lar target opposed to said sputtering face for generating magnetic
fields having flux lines which project in a curve from said sputter—
ing face and return thereto to form arch portions thereover, said
magnet assembly consisting of a plurality of eguiangularly spaced
axially extending magnets arranged in such a mamner as- their flux
lines form over said sputtering face a plurality of eguiangularly
spaced axially extending straight arch portions comnected to each
other by arcuate arch end-portions, whereby defining over said sput-—
tering face at least one closed-loop arch for oonfining said glow
discharge therewithin, , ,
-  closure means for delimitating in combination with the back face
of said tubular target a cylindrical tight chamber enclosing at least
partially said magnet assembly, and, '

- means for axially circulating a liquid coolant within said tight
chamber, whereby said liquid coolant can freely flow from one to the
other end of said chamber, along the longitudinal spaces delimita-
ted between adjacent magnets of said plurality of equiangularly spa—
ced axially'extending magnets. ,

13. The apparatus of Claim 12, wherein said cylindrical magnetron
sputtering cathode is designed for extending centrally inside said
apparatus, so as to enable the ooating of substrates disposed cir-
cunferentially around said cathode, said magnet assembly being there-
fore inserted inside said tubular target. ,

' 14. The apparatus of Claim 12, wherein said cylindrical magnetron

sputtering cathode is a hollow cylindrical cathode designed for extend-
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ing concentrically around the central axis of said apparatus, so as
to enable the coating of substrates arranged along said central axis,
said magnet assembly being therefore disposed circumferentially a—
round the outer face of said tubular targét.

15, The apparatus of Claim 12, further comprising means for axial-
ly rotating said magnet assembly and said tubular target relative-

1y to each other, as well as for axially rotating said magnet assem-

bly and said substrate to be coated relatively to each other, so as
to cause a substantially uniform target sputtering together with a
substantially uniform substrate coating.

16. The apparatus of Claim 15, wherein said rotating means are
designed for moving said magnet assembly relatively to said tubular
target and to said substrate according to a to-and-fro rotatory move-
ment of -an amplitude sufficient for causing said at least one clo-
sed-loop arch generated by said magnet assembly to be scanned over
the entire surface of said sputtering face as well as in front of
the entire surface of the substrate to be coated.

17. The apparatus of Claim 15, wherein said rotating means are
designed for movin§ said magnet assembly relatively to said tubular
target and to said substrate according to a unidirectional rotato-
ry movement. '
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